A large set of cross sections for semi-inclusive electroproduction of charged pions (π ± ) from both proton and deuteron targets was measured. The data are in the deep-inelastic scattering region with invariant mass squared W 2 > 4 GeV 2 (up to ≈ 7 GeV 2 ) and range in four-momentum transfer squared 2 < Q 2 < 4 (GeV/c) 2 , and cover a range in the Bjorken scaling variable 0.2 < x < 0.6. The fractional energy of the pions spans a range 0.3 < z < 1, with small transverse momenta with respect to the virtual-photon direction, P 2 t < 0.2 (GeV/c) 2 . The invariant mass that goes undetected, Mx or W ′ , is in the nucleon resonance region, W ′ < 2 GeV. The new data conclusively show the onset of quark-hadron duality in this process, and the relation of this phenomenon to the high-energy factorization ansatz of electron-quark scattering and subsequent quark → pion production mechanisms. The x, z and P 2 t dependences of several ratios (the ratios of favored-unfavored fragmentation functions, charged pion ratios, deuteron-hydrogen and aluminum-deuteron ratios for π + and π − ) have been studied. The ratios are found to be in good agreement with expectations based upon a high-energy quark-parton model description. We find the azimuthal dependences to be small, as compared to exclusive pion electroproduction, and consistent with theoretical expectations based on tree-level factorization in terms of transverse-momentum-dependent parton distribution and fragmentation functions. In the context of a simple model, the initial transverse momenta of d quarks are found to be slightly smaller than for u quarks, while the transverse momentum width of the 2 favored fragmentation function is about the same as for the unfavored one, and both fragmentation widths are larger than the quark widths.
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I. INTRODUCTION
There has been a growing realization that understanding of the resonance region in inelastic scattering, and the interplay between resonance behavior and a highenergy scaling phenomenon in particular, represents a critical gap that must be filled if one is to fathom fully the nature of the quark-hadron transition in Quantum ChromoDynamics (QCD). The decade or so preceding the development of QCD saw tremendous effort devoted to describing hadronic interactions in terms of S-matrix theory and self-consistency relations. One of the profound discoveries of that era was the remarkable relationship between low-energy hadronic cross sections and their high-energy behavior, in which the former on average appears to mimic certain features of the latter.
At low energies, one expects the hadronic scattering amplitude to be dominated by just a few resonance poles. As the energy increases, the density of resonances in each partial wave, as well as the number of partial waves itself, grows, making it harder to identify contributions from individual resonances, and more useful to describe the scattering amplitude in terms of a sum of t-channel Regge poles and cuts. Progress towards synthesizing the two descriptions came with the development of finiteenergy sum rules, relating dispersion integrals over the amplitudes at low energies to high-energy parameters.
The observation [1] of such a nontrivial relationship between inclusive electron-nucleon scattering cross sections at low energy, in the region dominated by the nucleon resonances, and that in the deep-inelastic scattering (DIS) regime at high energy, similarly predated QCD. Initial interpretations of this duality naturally used the theoretical tools available at the time, finite-energy sum rules or consistency relations between hadronic amplitudes inspired by the developments in Regge theory that occurred in the 1960s [2, 3] . With the advent of QCD, De Rújula, Georgi, and Politzer offered a qualitative explanation of BloomGilman duality [4] in terms of either small or on-averagecanceling higher-twist contributions, but a quantitative understanding of the origin of the duality phenomenon in QCD remains elusive, although some insight has been obtained through phenomenological model calculations [5] .
Even if it remains counterintuitive that there should be a strong relationship between the resonance region, in which the lepton scatters from a target hadron traditionally treated as a bound system of massive constituent quarks, and the deep-inelastic region, where the lepton essentially scatters from a single free quark, it is essential to provide precise data on the onset of this phenomenon. In regions where single-quark scattering is well established, a rich plethora of nucleon structure information can be gathered from such reactions through the quarkparton model [6] [7] [8] .
In this article, we will concentrate on the largely unexplored low-energy domain of semi-inclusive electron scattering, eN → eπ ± X, in which a charged pion π ± is detected in the final state in coincidence with the scattered electron. The process of semi-inclusive deep-inelastic scattering (SIDIS) has been shown to factorize [9] , in the high energy limit, into lepton-quark scattering followed by quark hadronization. Our focus will be on the process where a quark fragments into a pion, such that the electroproduced pion carries away a large fraction, but not all, of the exchanged virtual photon's energy.
The quark-hadron duality phenomenon has been predicted [10] [11] [12] , and subsequently verified [13] for high-energy meson electroproduction. The relation of the duality phenomenon with the onset of factorization in electron-quark scattering and subsequent quark hadronization was also postulated and shown to hold in e.g. the SU(6) quark model [6-8, 12, 14] . If so, one obtains access to the virtue of semi-inclusive meson production, that lies in the ability to identify, in a partonic basis, individual quark species in the nucleon by tagging specific mesons in the final state, thereby enabling both the flavor and spin of quarks and antiquarks to be systematically determined. Ideally, one could even directly measure the quark transverse momentum dependence of the quark distribution functions q(x, k t ) by detecting all particles produced in the hadronization process of the struck quark. A large set of pion electroproduction data from both hydrogen and deuterium targets has been obtained in experiment E00-108 spanning the nucleon resonance region. Cross sections for semiinclusive electroproduction of charged pions (π ± ) from both proton and deuteron targets were measured for 0.2 < x < 0.6, 2 < Q 2 < 4 (GeV/c) 2 , 0.3 < z < 1, and P 2 t < 0.2 (GeV/c) 2 . The results from this experiment permit a first study of a possible low-energy access to the quark-parton model, either directly through cross section measurements or indirectly through their ratios, possibly lowering the energy threshold to access the quark-parton model if higher-twist contributions would fully cancel.
In Section 2, we will describe in detail the relation between kinematical cuts to separate current and target region fragmentation events as optimally as possible, quark-hadron duality, and a low-energy onset of a factorized (or precociously factorized) description in terms of electron-quark scattering and subsequent hadronization of the struck (current) quark. In Section 3, we will relate the findings of earlier low-energy experiments to a quarkparton model description, and extensions thereof beyond the infinite momentum frame including azimuthal-angle and transverse-momentum dependences. Sections 4, 5 and 6 will cover the experimental details, the data analysis procedures, and the systematic uncertainties, respectively. Finally, Sections 7 and 8 will describe the experimental results in terms of dependences of ratios and cross sections on various kinematic variables, including some nuclear dependences, followed by the conclusions.
II. TOWARDS A HIGH-ENERGY DESCRIPTION OF SEMI-INCLUSIVE PION ELECTROPRODUCTION A. Semi-Inclusive Deep Inelastic Scattering
In semi-inclusive deep inelastic scattering (SIDIS), a hadron h (in our case a charged pion π ± ) is detected in coincidence with a scattered electron, with a sufficient amount of energy and momentum transferred in the scattering process. Under the latter conditions, the reaction can be seen as knockout of a quark and subsequent (independent) hadronization. Fig. 1 gives a schematic picture of this process, including the kinematics. An electron with four-momentum (E, k) scatters from a nucleon with mass M (taken to be the proton mass M p at rest), resulting in a scattered electron with four-momentum (E ′ , k ′ ), thereby exchanging a virtual photon with four-momentum q = (ν, q) with a quark. A meson with four momentum m = (E h , P h ) is produced, with the residual hadronic system characterized by an invariant mass W ′ . As usual, the fourmomentum transfer squared is defined as Q 2 = −q 2 and the Bjorken variable as x = Q 2 /2M ν. The latter can be interpreted as the fraction of the light-cone momentum of the target nucleon carried by the struck quark. Furthermore, z is defined as z = (p · m)/(p · q). In the target rest (lab) frame, this becomes z = E h /ν, the fraction of the virtual photon energy taken away by the meson. In the elastic limit, z = 1, and the meson carries away all of the photon's energy. Finally, we define P t to be the transverse momentum of the meson in the virtual photon-nucleon system.
At high values of Q 2 and ν, the cross section (at leading order in the strong coupling constant α s ) for the reaction N (e, e ′ π)X can be written in the following way (see Ref. [15] ), 
where i denotes the quark flavor and e i is the quark charge, and the fragmentation function D qi→π (z, Q 2 ) gives the probability for a quark to evolve into a pion π with a fraction z of the quark (or virtual photon) energy, z = E π /ν. The first part of this formula expresses that the cross section factorizes into the product of the virtual photon-quark interaction and the subsequent quark hadronization. A consequence of factorization is that the fragmentation function is independent of x, and the parton distribution function q i (x, Q 2 ) independent of z. Both parton distribution and fragmentation functions, however, depend on Q 2 through logarithmic Q 2 evolution [16] . The second part describes the dependence on the transverse momentum P t , assumed to be Gaussian, and the general dependence [17] of the cross section in the unpolarized case on the angle φ, the angle between the electron scattering plane and the pion production plane, with A and B, reflecting the interference terms σ LT and σ T T , respectively, being functions of x, Q 2 , z, P t . An important variable for the analysis is the missing mass M x , which is the invariant mass of the undetected residual system. Here we refer to this quantity as W ′ (M x ) to highlight the fact that it could play a role analogous to W for duality in the inclusive case [11] . If we neglect the pion mass, W ′2 is given by
where ν = E − E ′ and θ qm is the lab angle between the virtual photon momentum | q| and the outgoing meson momentum | p|. As in the usual inclusive scattering case, the square of the (inclusive) invariant mass W is given by
If we further limit the outgoing meson to be collinear with the virtual photon momentum and require that Q 2 /ν 2 ≪ 1, we can express W ′2 in terms of z, x, and Q 2 as
The quantitative differences between Eqs. (2) and (4) are small for the described experimental results, and not visible on any of the figures in the remainder of this article.
For the remainder of this article, we will equate the "nucleon resonance region" to the condition that W ′ < 2 GeV, even if the invariant mass W will be beyond the usually defined resonance region, W > 2 GeV. As can be easily read from Eq. (4), the larger z the fewer hadronic states will be involved in the semi-inclusive pion electroproduction process, with z = 1 the (deep) exclusive limit.
B. Factorization
If one neglects the dependence of the cross section on the pion transverse momentum P t and the angle φ, the SIDIS cross section as given in Eq. (1) can be written as
(At higher orders one has to worry about gluon fragmentation functions, but this can be neglected for the energy and momentum transfers under consideration here [18] ). The question is how well this factorization into independent functions of x and z is fulfilled in practice. Initial investigations of the hadronization process were made in electron-positron annihilation and in deep inelastic scattering. By now a wealth of data has been accumulated to parameterize the fragmentation functions as function of z and Q 2 . It is well known that for the case of SIDIS one has to worry about separating pions directly produced by the struck quark (termed "current fragmentation") from those originating from the spectator quark system ("target fragmentation"). This has been historically done for high-energy SIDIS by using separation in rapidity, η, with the latter defined in terms of the produced pion energy and the longitudinal component of the momentum (along the q direction),
Early data from CERN [19, 20] suggest that a difference in rapidities, ∆η, between pions produced in the current and target fragmentation regions ("rapidity gap") of at least ∆η ≈ 2 is needed to kinematically separate the two regions. It has been argued that such kinematic separation is even possible at lower energies, or low W 2 , if one considers only electroproduced pions with large elasticity z, i.e., with energies close to the maximum energy transfer [20, 21] . Figure 2 shows a plot of rapidity versus z for W = 2.5 GeV. At W = 2.5 GeV, a rapidity gap of ∆η ≥ 2 would be obtained with z > 0.4 for pion electroproduction. For larger W , such a rapidity gap could already be attained at a lower value of z (see Ref. [21, 22] ). For instance, one would anticipate a reasonable kinematic separation between the current and target fragmentation processes for z > 0.2 at W = 5 GeV. The other issue is at which energy scales we can make the assumption of independence of the hard scattering process from the hadronization process. At low energies we would normally view the nucleon as a collection of constituent quarks, and the factorization ansatz could break down due to effects of final state interactions, resonant nucleon excitations and higher-twist contributions [23] , even if a sufficient rapidity gap would be established. For this article, we will simply assume that factorization in terms of a hard scattering and subsequent hadronization (called kinematical factorization in the remainder of this article) holds provided kinematical separation between current and target fragmentation is possible, and one is beyond the nucleon resonance region, W ′ > 2 GeV.
To give credence to the latter assumption, we observe that in the annihilation process e + e − → hX, experimental data [24, 25] beyond z ≈ 0.5 at W = 3 GeV (W ′ = 1.94 GeV) were historically described in terms of fragmentation functions. The region extends to z ≥ 0.2 for W = 4.8 GeV (W ′ = 2.84 GeV) and to z ≥ 0.1 for W = 7.4 GeV (W ′ = 4.14 GeV). For z > 0.3, fragmentation functions have also been obtained from data [26] on ep → e ′ π ± X at an incident energy E = 11.5 GeV, with 3 < W < 4 GeV. All of these data are beyond the (W ′ > 2 GeV) nucleon resonance region as defined above, and seem indeed reasonably well understood in terms of a simple fragmentation description. [29, 31] , and SLAC and NMC deep-inelastic data, at two different values of Q 2 . The solid curves show the GRV parameterization [32] at Q 2 = 3 (GeV/c) 2 and Q 2 = 1 (GeV/c) 2 .
C. Quark-Hadron Duality and Precocious Factorization
At energies W ′ < 2 GeV, it is not obvious that the pion electroproduction process factorizes in the same manner as in Eq. (1). At energies where hadronic phenomena dominate, the pion electroproduction process may rather be described through the excitation of nucleon resonances, N * , and their subsequent decays into mesons and lower lying resonances, N ′ * [23, 27] . It has been argued that a factorization similar to the one at highenergy may appear to hold at low energies due to the quark-hadron duality phenomenon [10] [11] [12] . For that phenomenon to occur, non-trivial cancellations of the angular distributions from various decay channels [12, 27, 28] would be required to produce the fast-forward moving pion at the high-energy limit.
In the early 1970s, Bloom and Gilman made the phenomenological observation that there exists a duality between inelastic electron-proton scattering in the resonance region and in the Deep-Inelastic Scattering (DIS) regime [1]. More detailed studies over the last decade have shown that quark-hadron duality is exhibited over a broader kinematic range, and with greater precision, than was previously known [29, 30] . Duality was found to also work quite well locally, with various resonance regions averaging to DIS scaling expectations to good approximation (< 10%), even down to low momentum transfer values (Q 2 ≈ 0.5 (GeV/c) 2 . Alternatively, the individual resonance scans average to some global curve even down to Q 2 ≈ 0.1 (GeV/c) 2 [29, 31] . This global curve then coincides with the DIS scaling expectations at larger Q 2 (or x). This is illustrated in Fig. 3 . The observation of duality tells us that higher twist terms mostly cancel, or are small, even at these low values of Q 2 , when averaging over a sufficient (but relatively small) amount of resonances and the underlying non-resonant background contributions. This implies that single-quark scattering remains the dominant process, even though one visually can see the effect of the quark-quark interactions by the resonance peak enhancements. The quark-quark interactions modify the measured spectrum, bound to create confined quarks, but do so only locally.
Duality studies in inclusive scattering have been extended to spin-structure functions, which was predicted from both perturbative [33] and nonperturbative QCD arguments [12, 34] . The first experiment accessing the spin-dependent asymmetries was SLAC experiment E143 [35] [36] [37] . Spin asymmetry data reported by the HERMES Collaboration [38] and JLab (CLAS [39] and Hall A [40] ) in the nucleon resonance region were also found to be in reasonable agreement with those measured in the deep-inelastic region [37, [41] [42] [43] , with possible exceptions in the N − ∆ resonance region. More recently, both CLAS and Hall A Collaborations have accumulated a set of precision data to study the onset of quark-hadron duality in polarized inclusive electron-nucleon scattering as function of Q 2 [40, 44] , with good agreement found at larger Q 2 (> 2 (GeV/c) 2 ). While the phenomenon of duality in inclusive electron scattering is thus well-established, duality in the related case of semi-inclusive meson electroproduction was not experimentally tested before this experiment. To experimentally investigate the existence of quark-hadron duality in semi-inclusive pion electroproduction processes, and how this may be related to a precocious (low-energy) factorization and partonic description, was one of the main goals of the E00-108 experiment.
Carlson [10] suggested several phenomena one could look for to explore any possible dual behavior between electroproduction of mesons in the resonance region and the high-energy scaling expectations by using 'meson tagging' in the final state, in close analogy to the original inclusive case findings by Bloom and Gilman [1]:
• Do we observe scaling behavior as Q 2 increases?
• Do the resonances tend to fall along the DIS scaling curve?
• Does the ratio of resonant to non-resonant strength remain roughly constant with increase of Q 2 , as was one of Bloom-Gilman's original observations?
Existing experimental charged pion electroproduction data show hardly any nucleon resonance structure at W ′ > 1. 4 GeV, and seem to scale [45] , hinting at partial answers to some of these questions. In addition, an initial investigation of duality in semi-inclusive pion production was made in Ref. [12] , where the factorization between parton distribution and fragmentation functions was found to hold when summing over the N* resonances in the SU(6) quark model. The existence of low-energy kinematical factorization [12, 46] in combination with the quark-hadron duality phenomenon may very well lead to a precocious description of the SIDIS process at low energy in terms of the quark-parton model. Applying that to the case discussed here, one could anticipate that factorization and a quarkparton model description work reasonably well for z > 0.4 and at relatively low W ′ scales (below 2 GeV). In this discussion we have neglected the dependence of measured pion yields, as in Eq. (5), on the pion transverse momentum, P t . At high energies the dependence on P t has historically been described with a Gaussian dependence as exp(−bP 2 t ), where b −1 represents the average transverse momentum squared of the struck quark. At lower energies, the measured P t dependence must reflect to some extent the decay angular distributions of the electroproduced resonances in regions where these resonances dominate. One would therefore expect the P t dependence to vary with W ′ at low W ′ .
III. SEMI-INCLUSIVE DEEP INELASTIC SCATTERING AND THE QUARK-PARTON MODEL
In this Section we will first revisit experimental information at relatively low energies, in order to see if that exhibits characteristics of a factorized description as portrayed by Eq. (5) . Theoretically, such a factorized description is only valid at leading order in α s , and after integration over the transverse momentum P t and the azimuthal angle φ. Then, we will investigate what can be learned from a phenomenological description of measurements of such transverse momenta and azimuthal angles, where the factorized description breaks down even at leading order, and a whole series of further assumptions must be made to relate these data to a quark-parton description.
A. Low-Energy x − z Factorization and the Quark-Parton Model
Several pieces of evidence suggest that factorization may hold at low energies in meson-tagged reactions. Initially, skepticism existed about the applicability of the quark-parton model at energies below those historically used at, e.g., the Electron Muon Collaboration experiment [47] , because of the possibility of overlapping current and target fragmentation regions. Interest grew with the findings of the HERMES experiment at DESY, where an intriguing similarity was found between results from semi-inclusive deep inelastic scattering at moderate energies [48] and a Drell-Yan experiment at far higher energies [49] . This similarity suggested that factorization, and a quark-parton model description may after all be valid at energies where it is not necessarily expected to work.
The HERMES experiment measured semi-inclusive pion electroproduction (γ * N → π ± X) in the DIS regime, over the ranges 13 < ν < 19 GeV and 21 < W 2 < 35 (GeV) 2 , with an average four-momentum transfer Q 2 = 2.3 (GeV/c) 2 . The HERMES analysis explicitly assumed factorization in order to extract the sea asymmetry d − u. In particular, it was assumed that the charged pion yield N π ± factorized into quark density distributions q i (x) and fragmentation functions D
Indeed, agreement was found between the extracted flavor asymmetry of the nucleon quarks sea results of HER-MES, and the FermiLab Drell-Yan experiment E866 that first reported this flavor asymmetry (at dramatically higher energies). Revisiting these HERMES data, at an average W > 5 GeV, and constrained to fractions of the virtual photon energy, z, of larger than 0.2, it is perhaps not so surprising that these data support that the factorization assumption used in the HERMES analysis appears to be valid for the nucleon sea, even at relatively low energy loss. A rapidity gap η > 2, rendering potential sufficient separation between the current and target fragmentation regions and thus kinematical factorization, can already be attained at values of z of 0.2 (see Ref. [21, 22] ) for W = 5 GeV. Given that in the HERMES kinematics also W ′ remains larger than 2 GeV, both requirements we assumed to be needed for a valid high-energy factorized description are fulfilled.
At even lower energies, with kinematics close to the experiment reported upon here, a series of measurements of semi-inclusive pion electroproduction was carried out at Cornell in the mid 1970s, with both hydrogen and deuterium targets [50] [51] [52] . These Cornell measurements covered a region in Q 2 (1 < Q 2 < 4 (GeV/c) 2 ) and ν (2.5 < ν < 6 GeV). The results of these measurements were analyzed in terms of an invariant structure function (comparable to N π ± (x, z) of Eq. 7), written in terms of the sum of products of parton distribution functions and parton fragmentation functions. The authors concluded that this invariant structure function shows no Q 2 dependence, and a weak dependence on W 2 , within their region of kinematics, which would be consistent with a factorized quark-parton model description. This is the more striking if one realizes that the Cornell kinematics cover a region in W 2 between 4 and 10 GeV 2 , and in z between 0.1 and 1. In fact, if one would calculate W ′ , these results are for an appreciable fraction of their kinematics in the region 1 < W ′ < 2 GeV, which is generally associated with the nucleon resonance region. Even more, the final pion momentum is often only 1 GeV/c, such that final pion-nucleon scattering effects, especially differences between both pion charge flavors, cannot be neglected. To complete this enumeration, P t , the average transverse momentum of the meson, was typically less than 0.1 GeV/c. Unfortunately, not enough statistics and information are available to warrant a careful check of duality or factorization in the Cornell data, even if the data are suggestive that quark-hadron duality in charged pion electroproduction, and a precocious low-energy factorization, may work in these kinematics.
B. Transverse momenta and azimuthal angles
A central question in the understanding of nucleon structure is the orbital motion of partons. Much is known about the light-cone momentum fraction, x, and virtuality scale, Q 2 , dependences of the up and down quark parton distribution functions (PDFs) in the nucleon. In contrast, very little is presently known about the dependence of these functions on the transverse momentum k t of the parton. Simply based on the size of the nucleon in which the quarks are confined, one would expect characteristic transverse momenta of order a few hundred MeV/c, with larger values at small Bjorken x, where the sea quarks dominate, and smaller values at high x, where all of the quark momentum is longitudinal in the limit x = 1. Increasingly precise studies of the nucleon spin sum rule [53] [54] [55] [56] strongly suggest that the net spin carried by quarks and gluons is relatively small, and therefore the net orbital angular momentum must be significant. This in turn implies significant transverse momentum of quarks. Questions that naturally arise include: what is the flavor and helicity dependence of the transverse motion of quarks and gluons, and can these be modeled theoretically and measured experimentally?
In the E00-108 experiment, we detect only a single hadronization product: a charged pion carrying a (large) energy fraction z of the available energy. The probability of producing a pion with a transverse momentum P t relative to the virtual photon ( q) direction is described by a convolution of the quark distribution functions and p t -dependent fragmentation functions D + (z, p t ) and D − (z, p t ), where p t is the transverse momentum of the pion relative to the quark direction, k t is the struck quark intrinsic transverse momentum, with the condition [57] P t = zk t +p t . The "favored" and "unfavored" fragmentation functions D + (z, p t ) and D − (z, p t ) refer to the cases where the produced pion contains the flavor of the struck quark or not. "Soft" non-perturbative processes are expected [57] to generate relatively small values of p t with an approximately Gaussian distribution in p t . Hard QCD processes are expected to generate large non-Gaussian tails for p t > 1 GeV/c, but probably do not play a major role in the interpretation of the E00-108 experiment, for which the total transverse momentum P t < 0.45 GeV/c.
Because the average value of φ in the E00-108 experiment is correlated with P t , (see Fig. 4 ), we first need to study the φ dependence. The cross sections for each target and pion flavor were parameterized in the form of Eq. 1. The assumed Gaussian P t dependence (with slopes b for each case) is an effective parameterization that seems to describe the data adequately for use in making radiative and bin-centering corrections. Small values of A and B are expected from non-zero parton motion, as described by Cahn [58] and Levelt-Mulders [59] . In general, any non-zero parton motion effects, be it kinematic or dynamic, are proportional to P t for A, and P 2 t for B, respectively [58] [59] [60] [61] .
The more recent treatment of Ref. [57] similarly gives results for A and B that are very close to zero (especially for B). Other possible higher twist contributions will also be proportional to powers of P t / Q 2 [62, 63] , and therefore suppressed at our low average values of P t . Specifically, the twist-2 Boer-Mulders [64] contribution to B is essentially zero in the models of Ref. [64, 65] . For the kinematics of the E00-108 experiment, the value of B for π + is expected to be positive and could change approximately linearly with x, z and P t from ∼0.002 to ∼0.02 GeV/c, see Fig. 6 and Fig. 7 in Ref. [66] . For π − , it is expected to be negative and the dependences on x, z and P t to be much weaker. In contrast, the values of A and B are much larger in exclusive pion production than those predicted for SIDIS.
IV. EXPERIMENT
The experiment E00-108 [67] ran in the summer of 2003 in Hall C at Jefferson Lab. An electron beam with energy of 5.479 GeV and currents ranging between 20 and 60 µA was provided by the CEBAF accelerator. Incident electrons were scattered from 4-cm-long liquid hydrogen or deuterium targets and detected in the Short Orbit Spectrometer (SOS). The SOS central momentum remained constant throughout the experiment, with a value of 1.702 GeV/c. The electroproduced mesons (predominantly pions) were detected in the High Momentum Spectrometer (HMS), with momenta ranging from 1.3 to 4.1 GeV/c. A detailed description of the spectrometers and set-up can be found in Ref. [68] . The experiment consisted of three parts: i) at a fixed electron kinematics of (x, Q 2 ) = (0.32, 2.30 (GeV/c) 2 ), z was varied from 0.3 to 1 by changing the HMS momentum, with nearly uniform coverage in the pion azimuthal angle, φ, around the virtual photon direction, but at a small average P t of 0.05 GeV/c (z-scan); ii) for z = 0.55, x was varied from 0.2 to 0.6, with a corresponding variation in Q 2 from 1.5 to 4.6 (GeV/c) 2 , by changing the SOS angle, keeping the pion centered on the virtual-photon direction (and again average P t of 0.05 GeV/c) (x-scan); iii) for (x, Q 2 ) = (0.32, 2.30 (GeV/c) 2 ), z near 0.55, P t was scanned from 0 to 0.4 GeV/c by increasing the HMS angle (with average φ near 180 degrees) (P t -scan). The kinematic settings are listed in Table I . The φ distribution as a function of P t is shown for all three data sets combined in Fig. 4 . Except for the largest x-setting in the x-scan, the virtual-photon-nucleon invariant mass W was always larger than 2.1 GeV (typically 2.4 GeV), in the traditional deep-inelastic region for inclusive scattering. In order to avoid complications from πN final-state interactions the momenta of the outgoing pions were kept greater than 2 GeV/c in most cases. All measurements were performed for both π + and π − .
V. DATA ANALYSIS
The raw data collected by the data acquisition system were processed by the standard Hall C analysis engine (ENGINE), which decodes the data into physical quantities on an event by event basis. The main components of the data analysis include tracking, event reconstruction, determination of and correction for experimental and kinematic offsets, particle identification and event selection, background estimation and subtraction, correction for detector efficiencies, and electronic and computer dead times. Many steps of the analysis here are similar to the F π data analysis described in Ref. [68] . Below we will discuss some of the steps, and will emphasize details relevant to the E00-108 experiment.
Accidentals: Random coincidences occur between events from any two beam bursts within the coincidence timing gate. The resulting coincidence timing structure of random coincidences is peaked every 2 ns (defined by the beam microstructure of the CEBAF accelerator). The random events under the real coincidence peak cannot be identified but their contribution can be estimated. The data were corrected for these random contributions by selecting a number of random peaks and subtracting their average content from the content of the real coincidence peak. The accidentals were taken for an ∼80 ns interval (for 40 bursts far from the coincidence peak (e ′ π − at negative polarity of the HMS spectrometer, and e ′ p and e ′ π + peaks at positive polarity)), and the average number of accidentals (within 2 ns) was defined as N Accidentals ( 2 ns) = [N Accidentals (80 ns)]/40.
Electron Identification: Electrons were identified in the SOS using a combination of the SOS gasČerenkov detector and calorimeter. The gasČerenkov detector was used as a threshold detector with a mean signal of ∼7 photoelectrons per electron. Good electron events were selected for a photoelectron (pe) cut N pe > 0.5. This cut was chosen to ensure good efficiency over the full acceptance, even after accounting for the position dependence of the pe yield. To determine the efficiency of thě Cerenkov detector, an electron sample was selected from data with the calorimeter cut E cal /P e − > 0.8, where E cal is a total energy deposited in the calorimeter, and P e − is the momentum of the particle in the electron arm (SOS) defined by tracking. TheČerenkov detector efficiency is then given by the ratio of events with and without thě Cerenkov detector cut. The efficiency was found to be 99.8% for a photoelectron cut of N pe > 0.5. Electrons deposit their entire energy in the calorimeter peaking E cal /P e − distribution at 1. Good electron events in the calorimeter were selected by applying the cut E cal /P e − > 0.7. This cut removes most of the pions, while keeping high electron detection efficiency. The efficiency of the calorimeter was determined in a similar fashion as for the gasČerenkov detector. A particle identification cut was placed on the gasČerenkov detector, and the calorimeter efficiency was estimated as the ratio of events passing the calorimeter cut to the total number of events. The corresponding efficiency was estimated to be 99.5 ± 0.1%. The pion rejection factor (the ratio of pions with and without cut on energy deposition in calorimeter) in this case was ∼ 1:20.
Pion Identification: Pions in the HMS are selected with aerogel and gasČerenkov detectors. The gaš Cerenkov detector's function was to separate electrons from negatively-charged pions. The HMS calorimeter did not play a significant role and was used only for cross checks, and for the gasČerenkov detector efficiency determination.
Pions under theČerenkov radiation threshold do not in principle produce a signal in the detector. However, pions may produce δ-electrons, which will result in a photoelectron number greater than zero. Applying a cut to reject electrons may then reject pion events as well. To determine the pion efficiency of theČerenkov detector cut positive polarity π + data were used with a calorimeter cut (to take out contribution from positrons). The ratio of events passing theČerenkov detector cut to all the events is then theČerenkov detector pion efficiency. The pionČerenkov detector efficiency is 99.6 ± 0.05% for a cut N pe < 2.
The separation of pions from protons ( and partly from kaons) relies on the HMS aerogel detector [69] . Whether or not a particle traversing the aerogelČerenkov detector produces a signal depends on the index of refraction of the aerogel material (n ref ) and the particle velocity (β = v/c). The mean number of photoelectrons (for aerogel material with n ref =1.015) was N pe ∼7-8 and slightly varied with a particle momentum (for z-scan data). The aerogelČerenkov detector efficiency is 99.5 ± 0.02% for a threshold cut of N pe > 1.
Real electron-proton coincidences are eliminated via coincidence time cuts in the analysis. In all kinematic settings of the experiment the electron-hadron coincidence time distribution is well described by Gaussian with σ ≤ 250 ps (in average). In the analysis a cut ±1.2 ns is used on the e-π coincidence time. At the highest momentum setting of the HMS (P HMS =4.1 GeV/c), which is the worst case, there is still about 3 ns separation between electron-proton and electron-pion coincidence peaks. Even in the absence of proton rejection from the aerogelČerenkov detector, the protons (and partly kaons at low momenta) would be removed in the random subtraction.
A. Background subtraction and corrections
Contribution from Target Walls: Events from the aluminum walls of the cryogenic target cell were subtracted by performing empty target runs (dummy runs). The dummy data are analyzed in the same way as the regular data including the same method of random coincidence subtraction and applying the same analysis cuts. The effective charge-normalized yields are then subtracted from the real data yields taking into account the difference in the wall thickness between the target cell (0.133 mm) and dummy target (1 mm). In most cases, the estimated contribution of the target can to the measured yield is quite small, about 2 − 3%. The uncertainty in the ratio of the thickness of the dummy relative to the target can (2−3%) contributes to a negligible uncertainty to the total yield.
Radiative Corrections: Essentially all of the events that "radiate in" to a given bin come from either: (i) incoming electrons with a lower actual energy than the nominal beam energy, because they have radiated a photon; or (ii) scattered electrons with higher energy than the one measured in the spectrometer, because they radiated a photon. In both cases, the value of ν at the vertex is lower than the reconstructed one, hence z is larger and W ′ is smaller than the nominal value. The radiative tails within our semi-inclusive pion electroproduction data were estimated using the Monte Carlo package SIMC. The radiative correction formula coded is based on the work of Mo and Tsai [70] , which originally was derived for inclusive electron scattering, but was modified for use in coincidence experiments [71] . Details of the implementation are described in Ref. [72] . The original formulation of the radiative correction procedure used in SIMC was for (e, e ′ p) reaction. The formula were extended to pion electroproduction by D. Gaskell [73] .
As a cross-check, we also estimated radiative corrections using the code POLRAD. The standard FORTRAN code POLRAD-2.0 [74] was written for radiative correction (RC) calculations in inclusive and semi-inclusive deep-inelastic scattering of polarized leptons by polarized nucleons and nuclei. The program, which is based theoretically on the original approach proposed in the Ref. [75] , was created to suit the demands of experiments with fixed polarized nuclear targets and at a collider. A new version of POLRAD [76] was created to calculate the RC for semi-inclusive (polarized) experiments. In this case the cross section depends additionally on the variable z.
The radiative corrections calculated with POLRAD-2.0 are in good agreement with SIMC. On average the RC's are on the level of ∼ 6 − 8% for all our data sets at z < 0.7 and reach ∼ 15% at z 0.9. The relative values of radiative corrections at our kinematic settings are listed in Tables II, III and IV. Exclusive Pions: In addition, we subtracted radiative events coming from the exclusive reactions e + p → e ′ + π + + n and e + n → e ′ + π − + p. This required a model for the cross section of exclusive pion electroproduction that is valid for a large range of W (from the resonance region to W ≈ 2.5 GeV) at relatively large Q 2 . The model used in this analysis started with the pa- 
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2 ) reasonably well. While the starting parameterization is appropriate for describing exclusive pion production above the resonance region, it does rather poorly for values of W significantly smaller than 2 GeV. Since no existing model or parameterization describes exclusive pion production both in the resonance region and at large W , we chose to adjust our starting model by-hand to give good agreement with the MAID model [80] of pion electroproduction in the resonance region. This by-hand adjustment began with the assumption that the longitudinal contribution was well described by the starting model, even at relatively low W . Discrepancies between the starting fit and the MAID calculation were attributed to the transverse cross section and were removed by assuming a more modest W dependence therein. We further simplified the model by assuming that the T T and LT interference terms mostly averaged to zero over our experimental acceptance so that they contributed negligibly to the radiative events.
We ran SIMC with this modified model for exclusive π + electroproduction on the proton and for π + and π − production on the deuteron for all our kinematic settings (z-scan, x-scan and P t -scan).
Contributions from exclusive pions were subtracted on a bin by bin basis. On average, the contribution from the exclusive tail was estimated to be 4-5% for the x-scan data, 5-15% for the z-scan data at z < 0.8, and 8-10% for the P t -scan results (see Tables V, VI , and VII).
The radiative tail from exclusive events is the dominant correction for our data at z > 0.8. For z 0.9 the contributions from exclusive pions become more than 50%.
We also performed an alternative analysis using the code HAPRAD [81] . The two results agree to within ±10 − 15% in the relative contribution of the radiative The relative contribution of radiative exclusive tail for z-scan data. exclusive tail. Thus, the resulting uncertainty is only at the 1% level or less. Diffractive ρ: Some of the detected events may originate from the decay of diffractive vector meson production. The underlying physics of this process, which can be described as that the virtual photon fluctuates into a vector meson, which subsequently can interact with the TABLE VII: The relative contribution of radiative exclusive tail for Pt-scan data. Note, for these measurements the value of four-momentum transfer square was kept at nucleon through multiple gluon (Pomeron) exchange, is distinctively different from the interaction of a virtual photon with a single current quark. Again, we used SIMC to evaluate such a diffractive ρ meson contribution. The p(e,e ′ ρ • )p cross section calculation was based on the PYTHIA [82] generator, adopting similar modifications as implemented by the HERMES collaboration to describe lower-energy processes [83] . Additional modifications were implemented to improve agreement with ρ 0 cross section data from CLAS in Hall B at Jefferson Lab [84] . The p(e,e ′ ρ • )p cross section can be written as
where Γ T is the transverse photon flux factor, R = σ L /σ T is the ratio of longitudinal to transverse cross sections,
is an additional factor that accounts for the suppression of the cross section from virtual photons, and σ γp→ρp is the photoproduction cross section. The modifications to the PYTHIA model implemented for this analysis mimic those implemented by the HERMES collaboration:
1. The calculation of Γ T was performed with no highenergy approximations
2. An improved parametrization of R = σ L /σ T 3. Replacement of the exponent n = 2 with n ≈ 2.6, more consistent with lower energy data
The t dependence of the ρ • cross section is parametrized as
where t ′ = t − t min (< 0 for electroproduction) and b is the slope parameter. Note that at t ′ = 0, b also impacts the overall scale of the forward cross section. The HER-MES/PYTHIA model assumed a value of b ≈ 7 GeV −2 for all energies. However, CLAS data suggested that this constant value of b did not adequately describe the t ′ dependence at JLab energies. The model used in SIMC fits b as a function of c∆τ (the vector meson formation time). Above c∆τ = 2 fm, b was taken to be a constant value of 7.0 GeV −2 , while for c∆τ < 2 fm, b increased from 1.0 GeV −2 to 7.0 GeV −2 between c∆τ = 0.4 fm and 2 fm. Using the above model, the fraction of events due to pions from the decay of produced ρ mesons was estimated to range from a few percent at low z to about 15% at z = 0.6, and was subtracted on bin by bin basis. The SIMC determination of the exclusive ρ
• contribution to the semi-inclusive yield was also checked independently using a program and model developed by the CLAS collabration [85] . The two calculations were found to agree to about the 10% level.
Pion decay: Pion decay in flight is included in the Monte Carlo simulation. Charged pions predominantly decay via π ± → µ ± ν µ with a branching fraction of 99.99%. In SIMC the pion can decay at any point along its path in the magnet-free regions and at fixed points in the magnetic fields of the HMS. The muon momentum is calculated in the pion center-of-mass frame, where the angular distribution is uniform and the muon momentum is fixed. The muon is then followed through the spectrometer to the detector hut. Like in the experimental data, the muon is treated as if it were a pion in the reconstruction of target variables. In both the experimental and simulated data the muons constitute a background that is not removed by means of particle identification. However, the distribution of the muons in various reconstructed quantities is much broader than that of the pions. The fraction of pions decaying in flight on their way from the target can be calculated from the spectrometer central momentum and path length. While at low momentum roughly 20% of all pions decay on their way to the HMS detector hut, only a quarter of the muons fall within the acceptance and pass all cuts. More than 85% of all simulated muons that survive all cuts originate in the field free region behind the HMS dipole. We found the muon contamination after applying all cuts to be ∼ 10% at lowest momentum 1.4 GeV/c, and ∼ 2% in the momentum range P π = 3−4 GeV/c. The uncertainty associated with pion decay is estimated to be ≤1%.
Pion Absorption: Some pions are lost due to nuclear interactions in the materials that the particles pass through on their way from the target to the HMS detector hut. Pions lost in hadronic interactions are largely due to absorption and large angle scattering, resulting in pions that do not strike all detectors required to form a trigger. The transmission of pions through the spectrometer is defined as the fraction of pions that do not interact with any of the materials.
The calculation of the pion transmission through the materials is determined by the choice of pion-nucleus cross section. In particular, the total cross section, which is defined as the sum of all hadronic interactions, represents an underestimate of the transmission. This can be explained in terms of the contribution of the individual pieces to the effective loss of pions. Elastic scattering is peaked in the forward direction (small angles), so that a large fraction of the elastically scattered pions are expected to still produce a valid pion event. In addition, inelastic scattering does not necessarily correspond to an invalid trigger. On the other hand, a pion that is truly "absorbed" will clearly not result in a trigger. Therefore, the transmission is calculated from the reaction cross section which includes all hadronic interactions except for elastic scattering (σ reac = σ absorption + σ inelastic ). The reaction cross section is approximately the average of the total and absorption cross sections and the uncertainty on the transmission can be estimated from these two limiting cases. At all kinematic settings of E00-108, the pion absorption was estimated to be below 1 − 2 %. Table VIII . Kaon contamination: For low momentum settings (P HMS < 2.4 GeV/c), which is the case for our x-scan and P t -scan data, kaon contamination is negligible. At these momenta the real e-K coincidence peak will be well outside the e-π coincidence peak, so the kaons are eliminated by the coincidence timing cut. In addition the HMS aerogelČerenkov detector can be used for separation of pions from kaons. For kinematics with pion momenta above 2.4 GeV/c, a correction was made to remove kaons from the pion sample. To estimate kaon contamination, the coincidence timing distribution was analyzed for z-scan data. It was assumed that the "real" coincidence peak is a sum of π+K, therefore this spectrum was fitted with a sum of two Gaussian distributions [86] .
The summary on kaon contamination is presented in Tables VIII and IX. The contamination at negative polarity was found to be very small. For positive polarity the worst case (about 10% contamination) was found at z > 0.85, but a more typical contamination is less than 2%
Kaon contamination from the actual data was corrected for as:
where
for hydrogen and deuterium targets. Tracking Efficiency and Multiple Tracks: The tracking algorithm performs a χ 2 minimization by fitting a straight line through both drift chambers. The tracking efficiency is defined as the ratio of events that should have passed through the drift chambers and the number of events for which a track was found. The fraction of events that should have passed through the drift chambers is defined by a requirement on hits in a fiducial area composed of a particular set of scintillator paddles. The efficiency depends on both the drift chamber hit efficiency and the tracking algorithm finding a track.
On average, the typical tracking efficiencies for pions in the HMS are better than 95% in most cases and are often better when electrons are detected in coincidence in SOS. At both positive and negative polarities of the HMS, and hydrogen and deuterium targets, during data taking the beam current was optimized to keep the HMS rate below 500−600 kHz. This helps to minimize the well-known negative impact of multiple hits on track reconstruction in HMS. In many cases the events with more than 15 hits in both chambers are caused by projectiles scraping the edge of one of the magnets and causing a shower of particles, hence multiple hits in the drift chambers. Examination of such events and data taken with high rates in HMS and/or SOS spectrometers revealed that sometimes the tracking code picks as the "best" among multiple track candidates a track that is not what a user looking at the event display would have picked. To eliminate this problem a new code was written that uses selection criteria different from the one track criteria [86] .
With the new code the resulting tracking efficiencies in HMS and SOS are on the level of 97±0.1% and 98±0.4% respectively. (With the improved "pruning" algorithm we gain about 2-3% useful tracks). The difference between HMS and SOS mainly reflects the difference in incident count rates.
Coincidence andČerenkov detector blocking: Another source of event loss is connected with coincidence andČerenkov detector blocking effects. The coincidence time is determined by a clock that starts when an HMS signal arrives and stops when the SOS signal arrives. Two effects can cause the coincidence timing for good events to fail. In the first case, a random SOS single arriving before the coincident particle can stop the clock too early, effectively blocking the coincidence. A cut on the coincidence time will largely remove these events. The second effect is that a late SOS trigger can confuse the timing logic in such a way that the coincidence timing clock, which usually starts with the HMS and stops with the SOS, starts and stops with SOS ("retiming"). Wrongly timed events appear at lower (coincidence blocking) and higher (retiming) TDC channel numbers.
The coincidence blocking factor was calculated for a number of runs taken at different trigger rates using HMS-SOS raw (not corrected for pathlength) coincidence time (TDC's) spectra. We found that the coincidence blocking correction, k coin , depends nearly linearly on the rate of the pretrigger, 5-40 kHz for the case of the electron spectrometer, the SOS. The coincidence blocking correction was then parameterized in terms of
where α ≈ 2.218×10 −5 and N strig is the SOS trigger rate (in Hz). This correction for our coincidence time window of 120 ns was up to 4.5%, with an uncertainty of ∼0.1%.
The HMS gasČerenkov detector is used for electron rejection in the π − production case. The effective time window is given by theČerenkov detector ADC "gate" and is approximately 100 ns wide. The loss of pions due toČerenkov-detector blocking is due to electrons passing through the detector after the first particle (pion), but within the effective ADC gate window. In this situation, the signal from the electron will be associated with the original pion trigger and the pion event will be mis-identified as an electron. Such mis-identified pions are eliminated due to analysis cuts, so that the electron event effectively blocks the HMSČerenkov detector for good pion events. The number of pions lost due to theČerenkov detector blocking depends only on the rate of electrons into the spectrometer and does not depend strongly on variations in run to run characteristics. Therefore, we have used a small sample of measurements to determine the size of the correction for given kinematics, and for electron rates in the range of 20-500 kHz parameterized it in a functional form:
where N hecl is the clean electron trigger (ELCLEAN) counts, defined by high level cuts on calorimeter anď Cerenkov detector, and T run is the duration of the run (in seconds).Čerenkov-detector blocking effect was on the level of ∼2% at 100 kHz, and reached up to ∼6% at 400 kHz, with a systematic error less than 1%. The uncertainty in the HMSČerenkov detector blocking correction is largely attributed to the uncertainty in thě Cerenkov detector timing window. In particular the effectiveČerenkov detector gate width can be slightly larger than the measured ADC gate (≈100 ns). While the ADC gate is fixed, theČerenkov detector signal itself has some width and the overlap determines an effective gate width.
Computer Dead Time: The computer dead time strongly depends on the trigger rate and experimentally is directly measured by scalers that record the number of triggers (N trig ) and pretriggers (N pretrig ). Since pretriggers are generated for each particle, and triggers are only read out for those events for which the Trigger Supervisor is not busy, the computer live time is N trig /N pretrig .
The computer dead time varied from a few percent at low rates to up 30% at trigger rate ∼2 kHz. The uncertainty in the computer live time measurement is estimated by the deviation of the measured value from the value calculated from the total rate. The resulting uncertainty is ∼ 0.2%. The electronic dead time was always ≤ 1% and often negligible.
For the E00-108 experiment, the computer and electronic live time corrections are applied run-by-run. More details of the analysis and corrections can be found in Ref. [86, 87] .
Other corrections: From a measurement detecting positrons in SOS in coincidence with pions in HMS, we found the background originating from π 0 production and its subsequent decay into two photons and then electron-positron pairs, or e + e − γ directly, negligible. In addition, a small ∼ 2% correction was made to the deuterium data to account for a small Final-State Interaction effect of the pions traversing the deuterium nucleus [88] .
B. Model Cross Section and Monte Carlo Simulations
We added the possibility of semi-inclusive pion electroproduction to the general Hall C Monte Carlo package SIMC [89] , using Eq. (1). The CTEQ5 next-to-leadingorder (NLO) parton distribution functions were used to parametrize q i (x, Q 2 ) [90] , and the fragmentation function parameterization for D
the favored (unfavored) fragmentation function, from Binnewies et al. [18] . The remaining unknowns are the ratio of D − /D + , the slope b of the P t dependence, and the parameters A and B describing the φ dependence. Both the D − /D + ratio [91] and the bvalue [92] are taken from HERMES analysis. The latter is chosen for consistency with the comparisons shown in our earlier publication [13] , but closely coincides with the averaged value for all data. We will study the detailed P t -dependence of our data later on in Section VIIF.
When analyzing our data as a function of P t , we found that the Q 2 -dependence of the cross sections needed to be altered slightly from the factorized high-energy expectation [93] to obtain a smooth P t dependence. This is not too surprising, as the (low) energies of our semi-inclusive pion production measurements are beyond the region where the BKK fragmentation functions were shown to describe existing data. Hence, we introduced an additional Q 2 -dependent multiplicative term in the model cross section in the form
The parameters C 1 , C 2 and C 3 were adjusted in such a way that the calculated yields from the SIMC simulation match the experimental data. To accomplish this, the ratio of experimental and SIMC yields were calculated in a number of Q 2 bins, and the model cross section was iterated until the ratios approach unity. A variety of fits, with different combinations of data included, more complicated fit functions (including φ-dependent terms with additional binning in φ and P t ) rendered parameters C i that remained reasonably stable, within ±10 − 20%. As average "best values" for the fit parameters, we adopted C 1 = 0.889, C 2 = -2.902 and C 3 =3.050. Recall that for most of the cross section results (at P t ≈ 0.05 GeV/c) we neglected the φ-dependence and kept the parameters A and B at 0, in accordance with both theoretical expectations (discussed in subsection III B ), and our own findings (see subsection VII A ). 
VI. SYSTEMATIC UNCERTAINTIES
As part of the analysis, several systematic studies were performed on the data to verify that the measured cross sections and ratios are not biased by the detector, event selection and background correction effects. The level of corrections applied to the experimental data and related systematic uncertainties are listed in Table X. For absolute cross sections we have added all systematic uncertainties in quadrature. Note, that in practice the range of applied corrections and related systematic errors are slightly different for π + and π − . For example, theČerenkov blocking is clearly far larger for π − . Part of the corrections (such as radiative, pion decay, detector inefficiencies) are nearly identical for π + and π − and cancel in the ratios, hence related systematic uncertainties are much smaller for the ratios. Below we will discuss the most dominant sources of systematic uncertainties related with pions from the radiative tail from exclusive pion electroproduction and pions from the decay of diffractive ρ o mesons.
A. Uncertainties related to the exclusive pion tail
The model used in SIMC for exclusive pion electroproduction mainly focused on parallel kinematics (with the outgoing pion along the direction of the virtual photon) for the purpose of understanding the z-scan data. To estimate the possible systematic error that arose from ignoring the LT and T T interference terms, and to test the absolute magnitude of the correction, we extracted simulated yields for the exclusive radiative tail calculated using our nominal, empirical parameterization as well as the MAID model. The exclusive radiative tail simulations for positive pions from deuterium using the nominal model cross section in SIMC described in the text. The top plot shows the total simulated yield from exclusive radiative events vs. the angle between the outgoing pion and the virtual photon. All points are at a fixed z = 0.55. For comparison, the yield using the MAID model (which has limited validity for W > 2 GeV) is also shown. The bottom panel shows the ratio of exclusive yields from both models.
nitude of the exclusive yield, the ratio of yields shows little dependence on the outgoing pion angle. This suggests that the choice to ignore the interference terms in the SIMC parameterization had minimal effect (the contribution from the interference terms should increase at larger pion angles) over the region studied.
The effective W at the vertex for events that contribute to these yields is around 1.9 GeV (on average) so the empirical parameterization in SIMC, which agrees well with the JLab data at W = 1.95 GeV, should be more appropriate. Half of the difference between the two results was used as an estimate of the systematic uncertainty for the contribution of radiative exclusive events to the semi-inclusive yield.
B. Uncertainties related to events from diffractive ρ production
This uncertainty is related to the choice of the parameterization for the ρ o cross sections. As mentioned, we used cross section based on the PYTHIA [82] generator with modifications as implemented by the HERMES collaboration [83] and additional modifications to improve agreement with CLAS data [84] . To estimate systematic uncertainties related to the diffractive ρ subtraction, all calculations were repeated with slightly (∼10%) different values of the parameters. Thus it was found that the diffractive ρ subtraction contributes a systematic uncertainty of up to ≈ 2.5% .
C. Other sources of systematic uncertainties
The systematic uncertainties due to normalization, target thickness, computer and electronic dead time, beam charge measurement, beam energy and spectrometer kinematics combine to approximately 2%. We note that targets and spectrometer polarity were exchanged frequently in this experiment, without noticeable effects.
The overall systematic uncertainty due to spectrometer acceptances is estimated to be ≤ 1%. This is because the spectrometers have a sufficient wide vertex length acceptance to view a 4 cm extended target with limited acceptance losses, given that the SOS spectrometer angle was limited to relatively forward angles, and that the particles of interest cover a central region of the SOS momentum acceptance only. The HMS spectrometer has a 10 cm uniform vertex length acceptance, and was used in the E00-108 experiment to view a 4 cm extended target at angles of 20 degrees or less. Hence, the HMS has full acceptance. It was verified that the level of changes in our results due to variation of the values of PID cuts in the analysis slightly varies from case to case but is less than 1-2%. These variations are within the systematic uncertainties assigned to the detector efficiencies, and so are not taken as a separate additional source of uncertainty.
VII. EXPERIMENTAL RESULTS
Some of the results have been described in two previous papers [13, 94] . In the first, we observed for the first time the quark-hadron duality phenomenon in pion electroproduction, and the relation with a precocious lowenergy factorization approach in semi-inclusive deep inelastic scattering. We quantified the latter by constructing several ratios of pion electroproduction cross sections off proton and deuteron targets, and found the ratio of favored to unfavored fragmentation functions to closely resemble that of high-energy reactions, up to about z = 0.7 or missing mass M 2 x > 2.5 GeV 2 or so. In the second, we studied the transverse momentum dependence of semi-inclusive pion production, and found the dependence from the deuteron target to be slightly shallower than from the proton. In the context of a simple model, we related these measurements to the initial transverse momentum widths of down and up quarks, and the transverse momentum widths of favored and unfavored fragmentation functions. The results presented here supersede those of Ref. [94] , which were for reduced statistics and improper application of some corrections.
In this article, we will present our full results in terms of cross sections and ratios for semi-inclusive chargedpion electroproduction off proton and deuteron targets, and relate the findings to the Quark-Parton Model expectations, further highlighting the onset of a precocious high-energy factorized parton model description. However, for completeness we will start with a short Section recapitulating two relevant findings of the previous publications.
A. The azimuthal angle φ and z dependence of the cross sections
In the E00-108 experiment, the average value of the angle φ is correlated with P t , see Fig. 4 (the effect is tabulated in [94] ). However, we will initially show results that have only small average value P t ≈ 0.05 GeV/c, to later on come back to the results as a function of P t , including those for P t up to 0.45 GeV/c, in a separate Section.
For the results at low P t , one expects small to negligible contribution from the interference terms A and B in Eq. 1. We found no statistically significant difference between the results for π + or π − , or proton or deuteron targets [95] , and therefore combined all four cases together. Taking the systematic uncertainties of approximately 0.03 into account, we find values of A and B close to zero, with no noticeable x or z dependence. When averaged over all data, we find A = 0.02 ± 0.02 and B = -0.04 ±0.02 at P t ≈ 0.05 GeV/c. Folding this back into Eq. 1, we can neglect the azimuthal-angle dependent corrections to the cross section and ratio results presented in the next Sections. The small values of A and B at small P t for SIDIS kinematics are consistent with the expectations from kinematic shifts due to parton motion as described by Cahn [58] and Levelt-Mulders [59] .
Since the bulk of our data is taken at low P t = 0.05 GeV/c, we will neglect any φ-dependence and assume A = B = 0 until we explicitly revisit the P t dependence of the measured cross sections and ratios later on.
In our first publication [13] we compared the measured 1,2 H(e,e ′ π ± )X cross sections as a function of z (at x = 0.32) with the results of a parton model calculation assuming CTEQ5M Parton Distribution Functions (PDFs) at Next-to-Leading Order [90] and the parameterized Fragmentation Functions (FFs) of Binnewies, Kniehl and Kramer (BKK) [18] . The ratio of unfavored to favored fragmentation functions D − /D + , and the slope b-values of the P t dependences of the cross sections were taken from HERMES analysis [91, 92] . We found excellent agreement between data and Monte Carlo for z < 0.65, but striking deviations around z = 0.8. Within our kinematics (at P t ∼ 0), M 2 x is almost directly related to z, as M 2
. Hence, we attributed the large "rise" in the data with respect to the simulation at z > 0.8 to the N − ∆(1232) region. Indeed, if one considers a 1 H(e,e ′ π − )X spectrum as function of missing mass of the residual system X, one sees only one prominent resonance region, the N − ∆ region. Apparently, above M 2 x ≈ 2.5 GeV 2 , there are already sufficient resonances to render a spectrum mimicking the smooth z-dependence as expected according to the factorization ansatz of Eq. (1).
Much of the data shown later on as function of x, Q 2 and P t , will be centered around z = 0.55, so well within the region where effects due to the N-∆ transition can be neglected, and excellent agreement was found between the low-energy pion electroproduction data and highenergy parton model expectations. We do note that this z < 0.7, or M 2 x > 2.5 GeV 2 cut, corresponds to the prediction of Close and Isgur where duality and low-energy factorization would become valid [12, 27] .
B. The x-and Q 2 -dependence of the cross sections
At a fixed value z = 0.55, well within the range where we found excellent agreement between our cross section data and a naive high-energy ansatz in terms of next-toleading-order (NLO) parton distributions (PDFs) convoluted with the BKK fragmentation functions (FFs), we will now study the x-and Q 2 -dependence of the 1,2 H(e, e ′ π ± )X cross sections. We studied the x-dependence in the range 0.2 ≤ x ≤ 0.6 by varying the angle of the scattered electron, while keeping the beam energy and the virtual photon energy (ν ≈ 3.9 GeV) fixed. An additional advantage of this choice of z and ν is that the corresponding outgoing pion momentum is larger than 2 GeV/c, well in the region where the π−N cross sections behave smoothly such that final-state interactions do not overly complicate interpretation of the pion yields. Restricting the kinematics to such large pion momenta permits to neglect possible differences in π + and π − rescattering. In a simple Glauber calculation we estimated the total pion absorption correction due to rescattering to be 2% for a deuterium target, and the difference between π + and π − to be less than 1%. We apply the 2% deuteron correction for all 2 H data, and assume a constant b = 4.66 (GeV/c) −2 to describe the P t dependence, somewhat different from what we will derive from the specific P t -dependent measurements later on. Even though this does not affect the cross sections represented, it does impact the overall agreement with the parton-model calculations, where b comes in as an overall normalization. The choice b = 4.66 (GeV/c) −2 is chosen in these figures for consistency with the comparisons shown in our earlier publication [13] . We note that this choice is also consistent with the HERMES findings.
We present in Figs. 8 and 9 a selection of differential cross sections for the 1 H(e, e ′ π ± )X and 2 H(e, e ′ π ± )X reactions, respectively, at low and high "x set " values of the experiment (by this we mean the x value as calculated from the central spectrometer kinematics; using the finite spectrometer acceptances we present multiple x-bins). Since we vary the scattered electron angle, a variation in x set (or x) likewise corresponds to a variation of Q of this work is to judge how well low-energy pion electroproduction cross sections (and ratios) compare with parton model expectations, and comparisons with other possibly more sophisticated model calculations is beyond this scope. We conclude that the x-dependence agrees reasonably well with the model calculations, but differences in the absolute magnitude of the cross section are apparent in certain cases.
Next, we want to compare the Q 2 -dependence of the measured cross sections with the parton model expectations. However, as described we varied x by a change in the electron scattering angle, which correlates higher x with higher Q 2 . A similar correlation exists within the finite spectrometer acceptances. Hence, we need to remove this correlation to present data as function of Q 2 only, at a fixed value of x. We found that x = 0.40 is the optimal value to choose, accessible for each of the five settings of the x-scan (x set = 0.26, 0.32, 0.39, 0.46 and 0.53). The x-dependence of the parton model, determined from SIMC simulations over the experimental acceptance, was used to scale all data within one x-scan setting to x = 0.40. This was accomplished by using the ratios of the normalized yields between data and Monte Carlo for each Q 2 ) (bottom), respectively. Solid curves are parton model calculations. Solid symbols are data after events from diffractive ρ production are subtracted (see text).
x=0.40 with this technique. The curves are the parton model calculations, and describe the Q 2 -dependence of our data remarkably well. Note that the Q 2 -dependence is steeper than naively assumed for a swing in Q 2 from about 1.5 to 4.0 (GeV/c) 2 , since these are cross sections, "bin-centered" to fixed x = 0.40, which induces trivial changes in for instance the beam energy and the resulting photon flux. Similarly, one can see that the calculated cross section drops very fast around Q 2 = 4.0 (GeV/c) 2 , which reflects that one has reached the edge of what is kinematically possible with our experimental setup. As before, the solid symbols are the data after events from coherent diffractive ρ production are subtracted. Such corrections were estimated to be ≤ 10% for these cross sections, and do not affect the conclusion that the Q 2 -dependence of our data surprisingly conforms to the highenergy (quark-parton) expectations. With the semi-inclusive pion electroproduction data at our relatively low energies closely resembling the highenergy parton model expectations, we now turn our attention to various ratios constructed from the data, in an effort to quantify the agreement with the quark-parton model. Especially the ratio of charged π + and π − semiinclusive electroproduction cross sections (or the ratio of their normalized yields, π + /π − ) is a quantity relatively easy to measure accurately with focusing magnetic spectrometers. In contrast to a large-acceptance detector, the acceptance, reconstruction, and detection efficiencies for positively-and negatively-charged pions are very similar in a focusing magnetic spectrometer, allowing for precision comparisons.
With the assumptions of factorization, isospin symmetry and charge conjugation (and neglecting heavy quarks in the valence-quark region), the cross sections (or normalized yields) of π ± production on protons and neutrons at fixed Q 2 can be presented as:
with D + and D − the favored and unfavored fragmentation functions, respectively.
The ratio of charged pion production on proton and neutron will then be:
. (16) It is obvious that the fragmentation functions do not completely cancel in the π + /π − and D/H ratios, and some z-dependence remains carried by the term D − /D + . However, in the ratio of charge-combined cross sections, such z-dependence will completely cancel. Some of those "super-ratios" were presented in our first publication [13] , and showed validity of the factorization assumption up to z ∼ 0.65: no z-dependence was found.
The π + /π − and D/H ratios versus z: Various ratios of cross sections of positively-and negatively-charged pions and proton and deuteron targets are shown as a function of z (at x = 0.32) in Figs. 11 and 12 . Solid (open) circles and squares again represent the data after (before) events from diffractive ρ decay are subtracted. We also added existing data for the charged-pion production ratios from Cornell [97] , with the solid and open triangles representing data at Q 2 = 2.0 (GeV/c) 2 and x = 0.24, and Q 2 = 4.0 (GeV/c) 2 and x = 0.50, respectively. The solid line is again the simple quark-parton model calculation.
The π + /π − ratio as measured from the proton target is larger than those reported by HERMES [98] , but agrees well with the older Cornell data [97] , and is consistent (but not equal) to the rise in z as expected from the quark-parton model calculation up to z ≈ 0.6. At values of 0.65 < z <0.85, the ratio decreases because the π − △ ++ cross section is larger than the π + △ o one. The sharp rise of the ratio at z > 0.85 is due to exclusive π + production. On the other hand, the π + /π − ratio measured on the deuteron reproduces the expected rise from the quark-parton model calculation very well. The data seem to continue the rising trend for z > 0.7, into the region where we noticed effects from the N − ∆ transition before.
In our previous article [13] this was explained within the SU (6) (4 − r)/(4r − 1), with r the ratio of π + over π − yields off a deuteron target. The observed z-dependence of the resulting D − /D + ratio agreed very well with a fit by the HERMES collaboration of their data. In [13] it was also observed that the resulting D − /D + ratio was independent of x, as it should be, and agreed quite well with previous HERMES and EMC data. For completeness and future use, we have added in this manuscript the D − /D + ratios in tabular format in Table XI and XII. The columns represent the data before and after events from diffractive ρ decay are subtracted.
When expressed as a nuclear (deuteron over proton) ratio of positively-charged π + yields and negativelycharged π − yields (see Fig. 12 ), the data show a relatively flat behavior as a function of z up to about z = 0.7, where the N − ∆ transition comes in again. These ratios appear in reasonable agreement with the quark-parton model calculations. The x-and Q 2 -dependence of the π + /π − and D/H ratios: Given that the z-dependence of our lowenergy semi-inclusive pion electroproduction data show a smooth behavior up to z = 0.7, in reasonable agreement with the quark-parton model expectations, we now turn to the x and Q 2 dependence of the various ratios. In Figs. 13 and 14 we show the ratio of positively-to negatively-charged pions versus x and Q 2 , respectively, for both proton and deuteron targets. As before, solid (open) circles and squares are the data after (before) corrections are made to subtract pions originating from diffractive ρ decay. The Q 2 dependence of the deuteron to proton ratio for ρ
• production was studied by the HERMES collaboration [96] . We have also added existing data in Fig. 13 from Cornell [97] . Solid and open triangles represent data at x = 0.24 and Q 2 = 2.0 (GeV/c) 2 , and at x = 0.50 and Q 2 = 4.0 (GeV/c) 2 . As can be seen, the Cornell data are in good agreement with our data. The positively-to negatively-charged pion ratios are also in surprisingly good agreement with the quarkparton model prediction.
The Q 2 dependence of the ratios was extracted by using the π + and π − production cross sections at x = 0.26, 0.32, 0.39, 0.46 and 0.53, and "bin-centering" these cross sections, and thus their ratios, as before, to one common value of x = 0.4. This was done by using the hadron part of the model cross section in SIMC. The correction was checked by running SIMC and taking cross section ratios for proton targets at the five x-scan central settings. The size of the applied corrections amounts to ∼ 15% maximum for the proton target, and is always below 10% for the deuteron target.
The results, again at a value of z = 0.55, are shown in Fig. 14 . The Q 2 dependence of these ratios is in very good agreement with the quark-parton model expectations, indicated by the solid curve. This teaches that whereas the Q 2 -dependence of the measured pion electroprodution cross sections is in reasonable, but not excellent, agreement with the quark-parton model expectations, as shown in Fig. 10 , any spurious or higher-twistrelated Q 2 -dependence get completely absorbed in ratios (or have an origin in the x-dependence of such ratios, as there is a strong kinematical correlation between x and Q 2 within the E00-108 experimental setup). This is good news for low-energy access to quark-parton model physics in semi-inclusive meson electroproduction.
Lastly, we show in Figs. 15 and 16 the deuteron over proton ratios for π + and π − electroproduction, as a function of x and Q 2 , respectively. These nuclear D/H ratios are at a common z = 0.55 again, and the solid curves shown correspond as before to the quark-parton model expectations.
The conclusions from these nuclear D/H ratios are not unexpected. The dependences on x and Q 2 from the quark-parton model is remarkably close to the data, again confirming for these ratios that higher-twist effects are small or nearly cancel in ratios. The absolute magnitudes of the ratios slightly differs from the quarkparton model estimates, which reflects the similar difference noted in Fig. 12 . Most obvious is the nuclear D/H ratio for the π − electroproduction case, where the data are some 10% higher than the calculated quark-parton model ratio. The origin of the discrepancy is not yet clear, but on the other hand the data are at a relatively large x of 0.4, where the parton distributions themselves start having noticeable uncertainties. The latter is investigated in more detail in the next section, by constructing direct ratios of the d and u valence quark ratios from the data.
D. The ratio of d/u valence quarks constructed from charged-pion yields
The cross section for π ± production on a deuteron at fixed Q 2 can be presented, in similar format and under identical assumptions, as the sum of the pion cross sections of Eq. (15):
The measured cross sections or yields for π ± production on the proton and deuteron can in the quark-parton model be directly used to form relations in terms of the u v and d v valence quark distributions: [99] and EMC [53] . Solid triangle symbols are HERMES data [55] integrated over the 0.2 < z < 0.7 range. Bottom panel: The ratio of valence quarks dv/uv as a function of z at x=0.32. Solid circles are our data from E00-108 after events from diffractive ρ decay are subtracted. The shaded bands on both panels reflect the values of and uncertainties in this ratio using CTEQ parton distribution functions, based on Eq. 19 [90] .
where u v = u −ū, and d v = d −d. Of course, only the full parton distribution u (and d) is physical, but at intermediate to large x, x > 0.3, sea quark contributions are small and it is common to consider valence quark distributions only in this region.
The d v /u v ratio can be directly extracted from a specific combination of the measured proton and deuteron π ± cross sections as follows:
from which one finds
Studying the x and z (and P t ) dependences of R − pd and d v /u v thus provides an excellent test of the validity of the high-energy factorized view of the SIDIS process, and the various assumptions made.
The ratio d v /u v is shown in Fig. 17 , both as a function of x at z=0.55 (top panel), and as a function of z at x=0.32 (bottom panel). The ratios extracted from our SIDIS data are also compared to WA-21/25 data from neutrino and anti-neutrino deep inelastic scattering off proton targets (solid squares) [99] , and to ratios extracted from forward hadron production data from the European Muon Collaboration (open squares) [53] . The shaded bands on both panels represent the values (including their present uncertainties) as calculated from Eq. 19 using CTEQ parton distribution functions [90] .
The experimentally extracted ratios appear somewhat low as compared to the quark-parton model expectations using the CTEQ parton distributions, but possibly within uncertainties. For the results of the present experiment, one should not only take into account experimental systematic uncertainties, but also possible biases due to various assumptions in low-energy factorization and symmetry in fragmentation functions, etc. Nonetheless, the E00-108 data (at P t ≈ 0) are in good agreement with previous extractions of WA21/25 and EMC, with vastly different techniques.
The undershoot as compared to CTEQ parton distribution function expectations can be further investigated by investigating the dependence on z of the measured ratios at a fixed value of x (= 0.32). If isospin symmetry between favored (D + ) and unfavored (D − ) fragmentation functions of light quarks (u and d) and anti-quarks (ū andd) breaks down (D
), the ratios of Eq. 19 may contain additional z-dependent factors, related to asymmetries between the fragmentation functions. Thus, a dependence of the extracted "d v /u v ratio" on z will be a good indication for a breakdown of the symmetry assumptions, or of the factorized formalism. Indeed, one can witness in the bottom panel of Fig. 17 a sharp increase of the extracted d v /u v ratio at z > 0.7. This is likely not surprising as z > 0.7 corresponds in E00-108 kinematics to missing mass M 2 x < 2.5 GeV 2 ), where e.g. the ∆-and higher-resonance contributions become dominant.
Below z ≈ 0.7, the extracted d v /u v ratio is found to be reasonably independent of z, within the uncertainties of the data. On average, the data is somewhat low as compared to the quark-parton model expectations based upon CTEQ parton distribution functions, similar as was found in the x-dependence of this ratio. As a reminder, the data presented in Fig. 17 are at an average low P t ∼ 0.05 GeV/c; we will revisit any possible P t dependence of the extracted ratio later on.
Even though the extracted d v /u v ratios from the E00-108 experiment tend to undershoot the expectations based upon CTEQ6 parton distributions, the agreement with the existing WA21/25 and EMC data is good, and possibly points to the applicability of the assumed factorization and access to the quark-parton model in relatively low-energy SIDIS data. This is consistent with our earlier findings in Ref. [13] .
E. Nuclear Al/D ratios
We have also analyzed the pion production ratio from aluminum to deuterium targets, Al/D, by using the data from the "dummy" target cells. The nuclear EMC effect, the modification of the (inclusive) nuclear structure functions as compared to those of the free nucleon, was originally a revelation and firmly injected the subject of quarks into nuclear physics. In the valence quark region, a linear decrease in the nuclear ratio of structure functions (typically A/D) of about unity at x = 0.3 to a maximum depletion of 10-20% around x = 0.7 has been found. For medium to heavy nuclei, A > 12, the effect can be well described by either an atomic mass number A −1/3 or nuclear density ρ dependence.
In semi-inclusive pion production, nuclear effects are more complicated, because in addition to influencing the electron-quark scattering part, they can affect the quarkhadron fragmentation process. For the purpose of the present discussion, we assume that the nuclear effects on parton distributions and fragmentation functions simply factorize. This has by no way been based on rigorous experimental verification.
Experimental results on semi-inclusive leptoproduction of hadrons from nuclei are usually presented in terms of multiplicity ratios between nuclear (A) and deuteron (D) targets as a function of z and ν:
where the latter applies, if one can ignore EMC-type effects, true for x ∼0.3. Using the factorized assumption and neglecting the nuclear EMC effect for now (we will return to the x-dependence in the nuclear ratios later on), we first constructed a nuclear attenuation from the ratios of the normalized yields,
where Y h A and Y h D are the normalized yields of the electroproduced pions from aluminum nuclei and deuterium, respectively.
In Fig. 18 we present the ratio of the normalized pion electroproduction yields, Al/D, for both π + (solid circles) and π − (solid squares) versus z, at fixed x=0.32. The general features of the data, a value of R below unity and decreasing with z, are similar to what has been observed in other experiments and which globally have been explained within various models (see, e.g., [100] and references therein). This applies even in the region of z > 0.7 where for both the deuteron target and the nearlyisoscalar aluminum target nucleon resonances come into play (which within the symmetric SU(6) quark model cancel out).
The x-dependences of the Al/D cross section ratio for both π + and π − , at z = 0.55, are shown in Fig. 19 . We The ratio of aluminum over deuteron for both π + (circles) and π − (squares) data as a function of z at x = 0.32. The dashed curve is a calculation based on the model for hadron formation of Bialas and Chmaj [101] , with the hadron formation time inserted from a string tension model [102] . The solid curve is a prediction based on gluon radiation theory [103] . For the latter, we scaled between data for both 14 N and 64 Cu,
, and took the average value.
show data both before and after the events from diffractive ρ production are removed to demonstrate a slightly larger impact on the π − data. The dashed line represents the A-dependent EMC effect fit from the SLAC collaboration [104] fit. The parameterization is normalized to take into account hadron attenuation effects. Overall, the agreement is quite good, even if our data scatter somewhat and the x-dependence of the cross section ratio Al/D is weak in this region. This confirms that nuclear ratios already behave like a high-energy parton model expectation at relatively low energies and W 2 .
The Al/D cross section ratios versus Q 2 are extracted using again our Monte Carlo simulations to "bin-center" the data to a fixed x = 0.40. We show the extracted ratios for both π + and π − data at z = 0.55 and x = 0.40 as a function of Q 2 in Fig. 20 . The multiplicity ratio for Al/D is nearly flat with Q 2 , comparable to what was also observed for the D/H ratio in Fig.16 . Similarly, only a very weak Q 2 dependence for this ratio was observed by the HERMES experiment [100, 105, 106] . The dashed lines represent constant fits to the data, with a best-fit value for π + (π − ) of 0.556 ± 0.011 (0.520 ± 0.011).
Recently, there has been discussion on a possible flavor dependence of the EMC effect [107] . This would result in a possible different depletion of up quarks as compared to down quarks. Predictions indicate a somewhat larger depletion for up quarks than for down quarks, or equivalently larger π + attenuation than π − attenuation. We find the opposite, although the uncertainties are large and many complicated nuclear effects may contribute, including effects that do not obey a factorized form. Further study of this requires precision measurement of the z-and x-dependences of these ratios, and their differences [108, 109] . [104] , whereas the dashed lines are the results of their A-dependent global fit to nuclear EMC effect. The data and parameterization are both normalized to take into account any hadron attenuation effects.
F. The Pt dependence of the cross sections
The extracted cross sections as a function of the pion transverse momentum squared P 2 t are shown in Fig. 21 and listed in Table XIII. The solid lines are exponential fits. The acceptanceaveraged values of cos φ range from -0.3 at low P t to nearly -1 at high P t , while the average values of cos 2φ range from 0.03 at P t ≤ 0.1 to 1 at high P t .
A recent study [110] analyzed these data in combination with the CLAS data [111] , and concluded that in the kinematics similar to the CLAS data, the Hall C data could be relatively well described by a Gaussian model with average transverse momentum width of 0.24 (GeV/c) 2 . The good description of the π ± cross sections from different targets was argued to indicate that the assumption of flavor-independent Gaussian width for both the transverse widths of quark and fragmentation functions was reasonable, in the valence-x region for z=0. 55 .
If taken as standalone data, a careful examination of The probability of producing a pion with a transverse momentum P t relative to the virtual photon ( q) direction is described by a convolution of the quark distribution functions and p t -dependent fragmentation functions D + (z, p t ) and D − (z, p t ), where p t is the transverse momentum of the pion relative to the quark direction, with the condition P t = zk t + p t assumed.
Following Ref. [57] , we assume that the widths of the quark and fragmentation functions are Gaussian and that the convolution of these distributions combines quadratically. The main difference from Ref. [57] is that we allow separate widths for up and down quarks, and separate widths for favored and unfavored fragmentation functions. The widths of the up and down distributions are denoted by µ u and µ d , respectively, and the favored (unfavored) fragmentation widths are given by µ + (µ − ). Following Cahn [58] and more recent studies [57] , we assume that only the fraction z of the quark transverse momentum contributes to the pion transverse momentum. We assume further that sea quarks are negligible (typical global fits show less than 10% contributions at x = 0.3). To make the problem tractable, in the φ-dependence we take only the leading-order terms in (P t /Q), which was shown to be a reasonable approximation up to moderate P t in Ref. [57] . This simple model then gives:
where C is an arbitrary normalization factor, and the inverse of the total widths for each combination of quark flavor and fragmentation function are given by
and we assume σ d = (σ p + σ n )/2. The φ-dependence is taken into account through the terms:
We fit the P t -dependence of the four cross sections of Eq. 23 for the four widths (µ u , µ d , µ + , and µ − ), C, and the ratios D − /D + and d/u, where the fragmentation ratio is understood to represent the data-averaged value at z = 0.55, and the quark distribution ratio is understood to represent the average value at x = 0.3. The fit describes the data reasonably well (χ 2 = 68 for 73 degrees of freedom), and finds the ratio d/u = 0.39±0.03, in good agreement with the LO GRV98 fit [32] 2 (evaluated using the Paris wave function [112] ) for the deuteron model.
Since the data are at fixed z, the main terms that distinguish large fragmentation widths from large quark widths are the φ-dependent c i terms. While there is a significant inverse correlation between the two most important quark and fragmentation widths, (µ u and µ + , respectively), the fit indicates a preference for µ u to be smaller than µ + as shown in Fig. 22a . The fit also indicates a preference for µ d to be smaller than µ − as shown in Fig. 22b . So in both cases, fragmentation widths appear to somewhat dominate over quark widths, within our simple model.
The fit parameters indicate a non-zero k t width squared for u quarks (µ 2 ), as illustrated in Fig. 22c . We do note that intrinsic transverse momentum width for u and d quarks presented here are far different from the earlier published [94] . The previous analysis results used a limited and not required cut in the reconstructed vertex coordinate reducing statistics, and also has improper corrections for contributions of pions from both the decay of diffractive ρ production and the exclusive radiative tail. Still, the difference in the two results calls for a future careful measurement over a large of kinematics (Q 2 , P t and cos(φ)).
The results are consistent with a di-quark model [113] in which the d quarks are only found in an axial di-quark, while the u quarks are predominantly found in a scalar di-quark. We plotted the results with equal axial and scalar di-quarks masses (M a and M s ) of 0.6 GeV; picking M a < M s results in µ 2 . Using the fit parameters, we find the magnitude of the cos(φ) term A at P t = 0.4 GeV/c to be about −0.15 ± 0.05 for all four cases. These results are similar in sign and magnitude to those found in the HERMES experiment [114] .
We find that the fragmentation widths µ + and µ − are correlated, as illustrated in Fig. 22d, although Fig. 17 , were from the lowest P 2 t bin only. As before, the extracted ratios are on average below the quark-parton model expectations, here based upon the GRV parton distributions but also consistent with the earlier comparisons with CTEQ parton distributions. Given the statistical precision of the E00-108 data, it can not be ruled out that the d v /u v valence quark distribution ratio may have a dependence on P t (or intrinsic quark momentum k t ). Such a dependence is in principle possible within a transverse-momentum dependent framework [94] . It has been calculated to be small for up and down spinaveraged parton distributions in Lattice QCD, with far larger dependences found in spin-dependent parton distributions [115] . P 2 t dependence of the Al/D ratios: In Fig. 26 the ratio aluminum over deuteron for π + and π − as a function of P The extracted ratio dv/uv as a function of P 2 t at x=0.32 and z=0.55. The solid circles are the E00-108 data after events from diffractive ρ decay are subtracted. The dashed band is a quark-parton model expectation using CTEQ parton distribution function parameterizations [90] .
(open) symbols are data after (before) events from coherent ρ production are subtracted. The data show that the Al/D ratio is reduced at high z, as was observed by HERMES group [105] . Our data show slight differences in attenuation of π + and π − . The reduction seems to be stronger for π + .
In our kinematic range the multiplicity ratio for Al/D as a function of P 2 t is nearly flat. The dashed lines in Fig. 26 represent constant fits to the data, with a best-fit value for π + and π − of 0.575±0.010 and 0.538±0.014, and a χ 2 /ndf of 1.23 and 1.16, respectively. Similar flat behavior for the region P 2 t ≤0.2 (GeV/c) 2 was observed by HERMES group for variety of nuclei.
For future use, we have presented in this manuscript the various ratios versus z, x and P 2 t in tabular format in Tables XIV-XIX.
VIII. SUMMARY AND CONCLUSIONS
In summary, we have measured semi-inclusive electroproduction of charged pions (π ± ) from both proton and deuteron targets, using a 5.479 GeV energy electron beam in Hall C at Jefferson Lab. We have observed, for the first time, the quark-hadron duality phenomenon in pion electroproduction reactions. This has important consequences for a viable access to a quark-parton model description in semi-inclusive deep inelastic scattering experiments at relatively low energies. Several ratios constructed from the data exhibit, provided that W 2 > 4.0 GeV 2 and z < 0.7 (or beyond the ∆-resonance region in missing mass), the features of factorization in a sequential electron-quark scattering and a quark-pion fragmentation process. We find the azimuthal dependence of the data to be small, as compared to the typically larger azimuthal dependences found in exclusive pion electroproduction data, but consistent with data from other groups and theoretical expectations [57, 58] based on a semiinclusive deep inelastic scattering approach.
Examination of the P t dependence of the cross section shows a possible flavor dependence of the transversemomentum dependence of the quark distribution and/or fragmentation functions. In the context of a simple model with only valence quarks and only two fragmentation functions, we find the transverse momentum k t width of u quarks to be larger than that for d quarks, for which the width is consistent with zero within the statistical uncertainties. We find that the transverse momentum p t widths of the favored and unfavored fragmentation functions are similar to each other, and both larger than the two quark widths. This is consistent with theoretical expectations based on fits to the world data. We have shown the sensitivity of our results to be small to possible corrections due to both radiative events from exclusive pion production channels and pions originating from diffractive ρ scattering (and decay). In many cases, the corrections are negligible, although they can become large at large values of z. We believe our work will provide a fruitful basis for future studies of the quark-parton model and more sophisticated model calculations at relatively low energies. 
